The in vitro growth of murine cytomegalovirus (MCMV) in mouse embryo fibroblasts (MEF) from Balb/c, C57BL, C3H and CBA mouse strains has been shown to correlate with the genetically determined in vivo susceptibility of these strains to MCMV infection. MEF from Balb/c and C57BL mice were more susceptible to MCMV than those from C3H and CBA mice. This was evident regardless of whether replication was measured by cytopathic effect (c.p.e.) score, virus yield, plaque count, plaque size or time of onset of c.p.e. The growth of MCMV in tracheal organ cultures from different mouse strains was similar to that observed in MEF from these strains. The replication in MEF when measured by c.p.e, score and virus yield was affected by the density of the cell cultures. The strain of mouse used to produce MCMV also affected the comparative sensitivity of MEF to the virus. This appeared to be due to reduced growth of MCMV in its homologous MEF type, an unexpected result. In contrast, cell density had little effect on the replication of herpes simplex virus type 1 (HSV-1), but again the in vitro susceptibility of MEF reflected the in vivo susceptibility of mouse strains to infection with this virus.
INTRODUCTION
Many previous studies have shown that resistance to virus infection in mice is genetically determined (Webster, 1937; Vainio, 1963; Darnell et al., 1974; Schell, 1960; Kantoch et al., 1963; Lindenmann, 1964; Lopez, 1975; Weiser et al., 1976; Chalmer et al., 1977) . The mechanisms of this resistance are not completely understood although some viruses show a reduced ability to multiply in cell cultures from resistant strains of mice in vitro (Darnell & Koprowski, 1974; Vainio, 1963; Weiser et al., 1976) . This could be an important factor in conferring in vivo resistance and might operate by allowing more time for a protective immune response to develop before virus infection became widespread.
Resistance to lethal infection with murine cytomegalovirus (MCMV) in adult mice is controlled by H-2, and to a lesser extent by non-H-2-associated genes with the 1t-2 k haplotype and as yet unidentified non-H-2 genes in C57BL and C3H mice conferring relative resistance [Chalmer et al., 1977; Grundy (Chalmer) et al., 1981] . The mechanisms by which this genetic control operates are complex with non-H-2 genes influencing early resistance mechanisms such as the production of interferon [Grundy (Chalmer) et al., 1982] and the activation of natural killer cells (Bancroft et al., 1981) , while variations in the in vitro G. B. HARNETT AND G. R. SHELLAM replication of MCMV in tracheal organ cultures from several different mouse strains, which broadly reflect their in vivo susceptibility, have also been reported previously (Nedrud et al., 1979) . Since in vitro differences in susceptibility have been found for West Nile virus (WNV) in mouse embryo fibroblasts (MEF) (Darnell & Koprowski, 1974) we have investigated the ability of MEF from Balb/c, C57BL, C3H and CBA mice to support the replication of MCMV and herpes simplex virus type 1 (HSV-1) in vitro. In contrast with previous reports [Nedrud et al., 1979; Grundy (Chalmer) et al., 1981] , we have observed significant differences in the replication of MCMV and a correlation between resistance in vitro and in vivo. The possible reasons for these discrepancies are discussed.
METHODS
Animals. Inbred Balb/c, C57BL, C3H/HeJ, CBA and the Canberra strain of outbred mice were bred at the University of Western Australia. Female mice aged 10 to 12 weeks were used unless otherwise stated.
Cell culture. MEF were derived from 15-to 17-day-old embryos by trypsin dispersion and were cultured in Eagle's minimal essential medium (MEM) with Earle's salts and glutamine (Gibco) adjusted to the osmolarity of mouse serum, and 10% foetal calf serum (FCS). Cultures were used between passages 4 and 8.
Tracheal organ culture (TOC) . Slices of trachea were prepared, each containing one cartilage ring, as described elsewhere (Miintyj~irvi et al., 1977) and were incubated at 37 °C in Costar trays with five rings per well, in triplicate, in 1 ml MEM with 10% FCS. They were infected after 24 h with a 1/10 dilution of a salivary gland preparation of MCMV containing 1.9 x l05 p.f.u, in 0-1 ml, followed by incubation with MEM supplemented with 2% FCS. The medium was changed every 3 days and stored at -70 °C for future determination of virus titre.
Viruses. Except where otherwise stated, stocks of MCMV were prepared from the salivary glands of weanling Balb/c mice infected with the Smith strain of MCMV (Chalmer et al., 1977) . All inoculations were given intraperitoneally in 0.1 ml phosphate-buffered saline. Virus titres were assayed as p.f.u, on day 5 post-infection in MEF from Canberra strain mice, using a methyl cellulose overlay (Chalmer et al., 1977) and a preparation of known virus titre for standardization. HSV-1 was a local isolate which was typed by the size of the lesion formed on chorioallantoic membrane and by direct immunofluorescence, and which was passaged several times in Canberra strain MEF.
Plaque assay. The titres of MCMV in supernatants of TOC were determined using a modified plaque assay (Mims & Gould, 1978) in which virus dilutions were mixed with MEE cell suspensions in Falcon 96-well microtitre trays. The number of p.f.u, was determined after 3 days incubation following staining with 1% methylene blue in 10% formalin (MBF), and standardized by the inclusion of a preparation of known titre. All the samples from a given strain were titrated on the same occasion.
Comparison of MEF susceptibility to virus infection using cytopathic effect (c.p.e.) seore. MEF were seeded into 96-well flat-bottomed microtitre trays at the cell dose specified in 0.1 ml MEM with 10% FCS per well and incubated at 33 °C for 3 to 4 days in air with 5 % CO 2. Dilutions of MCMV and HSV-1 in MEM supplemented with 2% FCS and 28 mM-HEPES were previously prepared at 1.5 to 3 TCIDs0/0.1 ml and stored in liquid nitrogen. Infection of the MEF was performed by the addition of 0.1 ml of the virus dilution to each well, using one 96-well tray for each virus dilution or cell dose. The trays were incubated for 5 days at 33 °C and scored for c.p.e, either on unstained cells or after staining with MBF. The c.p.e, score was taken as the number of wells with c.p.e, as a fraction of the number of wells which could be scored at the time of reading.
Statistics. The significance of differences was determined by Chi-squared analysis using Yates' correction except where otherwise stated. Balb/e and CBA salivary glands in Balb/e-MEF and CBA-MEF The difference in susceptibility of MEF from Balb/c and CBA mice, seeded at 4 × 104 cells/well, to MCMV is shown in Table 1 . With MCMV produced from Balb/c salivary gland, a TCIDs0 of -5.4375 log10 was recorded in Balb/c-MEF compared wtih -5.0625 log~0 in CBA-MEF. Balb/c-MEF were also more susceptible than CBA-MEF when MCMV from CBA salivary gland was used. Dose responses for each strain were transformed by probit and Chi-squared values calculated for the differences, which were found to be statistically significant. Thus, MEF derived from Balb/c mice were more susceptible to MCMV regardless of whether the virus stock was prepared from Balb/c or from CBA mice.
RESULTS

Titration of MCMV prepared from
Influence of cell density on the susceptibility of MEF from Balb/e, CBA and C3H mice to
various preparations of MCMV Preliminary experiments suggested that the density of MEF monolayers influenced their susceptibility to MCMV. A wide range of MEF cell densities was therefore tested against a single dilution of MCMV. To determine whether MCMV produced in a certain strain of mice would influence its multiplication in homologous and heterologous MEF, pools of MCMV produced from Balb/c and CBA salivary glands were tested in MEF from Balb/c, CBA and C3H mice. Since MCMV passaged in C3H-MEF was used in a previous study in which no significant differences were observed in virus replication in MEF from different mouse strains [Grundy (Chalmer) et al., 1981 [, MCMV passaged once in C3H-MEF was included in this experiment.
Differences in monolayer cell density, induced by variation in seeding dose, were found to markedly influence c.p.e, scores (Table 2) . With Balb/c salivary gland virus, the score in Balb/c-MEF varied from 75/91 to 46/94 (difference significant P < 0.001), in C3H-MEF from 45/96 to 15/96 (difference significant P < 0-001) and in CBA-MEF from 16/61 to 8/85 (difference significant P < 0.02). In this and other experiments not reported here, peak scores occurred at high cell densities in Balb/c-MEF but in CBA-MEF and C3H-MEF cell density had less effect. The results in Table 2 show that Balb/c-MEF peak and total scores were significantly higher than those for C3H-MEF or CBA-MEF regardless of the origin of the MCMV stock used. It should be noted that virus stocks were not adjusted to contain similar amounts of virus. Also, C3H-MEF scored higher than CBA-MEF with Balb/c and CBA salivary gland virus (peak and total figure differences significant except for difference between C3H-MEF and CBA-MEF peak scores with CBA virus). However, with the C3H-MEF-passaged virus stock, the CBA-MEF recorded a significantly higher total score than C3H-MEF (P < 0.02), although the difference in peak scores was not significant. The differences between the totals in Table 2 were analysed by testing differences in the odds ratios, and the significance of these differences was tested using the approximation to normality of the logarithm of the odds ratios in 2 x 2 tables for large samples (Woolf, 1955) . The proportional c.p.e, score differences between pairs of MEF from different mouse strains were, in most instances, significantly increased if the challenge virus was prepared in either of the two mouse strains concerned. This result seemed to be due to reduced growth of MCMV in its homologous MEF strain. Further experiments were conducted using only MCMV produced in Balb/c salivary glands. 
Number of plaques, size of plaques and virus yield of MCMV in Balb/c-MEF and CBA-MEF
Variation in plaque size was also noted between Balb/c-MEF and CBA-MEF infected with MCMV. MCMV produced significantly larger plaques (Student's t-test, P < 0.001) in 25 cm 2 flasks of Balb/c-MEF at a cell density corresponding to a seeding dose of 6 × 104 cells in a 6 mm diam. well than in CBA-MEF at the same cell density (Table 3) , and in the same experiment the plaque count in Balb/c-MEF was higher at the higher cell densities while the opposite was true for CBA-MEF (Table 3 ). The mean count in Balb/c-MEF was also significantly higher than that in CBA-MEF (Student's t-test, P < 0.02). Finally, when the virus titres in supernatants from these MEF at the four cell densities were compared at 4 to i0 days post-infection (Fig. 1) , Balb/c-MEF virus yields were significantly higher (ranging from P < 0.05 to P < 0.001 by Student's t-test) than those from CBA-MEF at all cell densities from days 4 to 8 post-infection, except for that from the lowest cell density (0.5 × 106) on day 6. :" Mean of 27 plaques (_+ standard error of the mean) in 5.3 × 106 flasks which were observed consecutively, photographed, traced and cut-out shapes weighed.
Plaque count per 25 cmz flask.
Development of c.p.e, in Balb/c-MEF and CBA-MEF after higher multiplicity inoculation of MCMV
Balb/c-MEF and CBA-MEF in flasks were infected with MCMV at a dose of about 0.5 p.f.u./cell. By 24 h the Balb/c-MEF showed the first signs of infection but no such signs were evident in CBA-MEF until 36 h post-infection when the Balb/c-MEF showed many foci of cytomegalic cells. By 96h the Balb/c-MEF culture was 100% cytomegalic while that of the CBA-MEF was about 30% affected and the CBA-MEF was not 100% cytomegalic even by 6 days. Fig. 2 shows the appearance of the monolayers at 19, 48 and 78 h post-infection.
MCMV yield in TOC from Balb/c, C57BL, CBA and C3H mice
Virus yields were measured at 9, 15 and 21 days post-infection (Fig. 3) . MCMV appeared by day 9 in the TOC from Balb/c and C57BL mice, the strains susceptible to infection in vivo, and at 21 days in those from C B A and C 3 H mice which are relatively resistant in vivo.
G . B . H A R N E T T A N D G . R . S H E L L
T O C from Balb/c and C 5 7 B L mice gave significantly higher virus yields than those from C B A and C 3 H mice at day 21 (Student's t-test, P < 0.001). The C 3 H T O C were tess productive than those f r o m C B A mice but at day 21 the difference between them was significant only at P < 0.05 by Student's t-test. 
Influence of cell density on the susceptibility of MEF from Balb/c, C57BL and CBA mice to MCMV and HS V-1
Duplicate 96-well plates were seeded with various concentrations of MEF from Balb/c, C57BL and CBA mice and inoculated with either MCMV or with HSV-1. Table 4 shows that for MCMV, unlike HSV-1, cell density had a marked effect on c.p.e, score and this varied for the different mouse strains. Balb/c and C57BL peak and total c.p.e, scores were not significantly different but both these mouse strains had scores significantly higher than those of CBA-MEF (P < 0.001). In contrast, for HSV-1 infection Balb/c-MEF and CBA-MEF both had peak and total scores that were significantly higher than those of C57BL (P < 0.001). Balb/c-MEF and CBA-MEF peak scores were similar but the Balb/c-MEF total score was significantly higher than that of CBA-MEF (P < 0.001). Thus, the strain-related susceptibility patterns of MEF in vitro are different for MCMV and HSV-1 but both correlate with in vivo susceptibility (Chalmer et al., 1977; Lopez, 1975) . DISCUSSION This study shows that MCMV is less able to grow in cell cultures of MEF from resistant CBA or C3H mice than in MEF from susceptible Balb/c or C57BL mice by the measurement of c.p.e, score. The differences in virus growth between Balb/c-MEF and CBA-MEF were maintained when the alternative assay systems of plaque count, plaque size or virus yield were used, and the replicative cycle of MCMV appeared to be shorter in Balb/c-MEF than in CBA-MEF as judged by the time of development of c.p.e. However, the differences in the growth of MCMV between MEF were influenced by the cell density and by the source of the virus.
Virus growth was affected by cell density, especially for Balb/c-MEF in which the c.p.e. score varied from a maximum at high cell density to a 2 to 4 times lower score at low cell density. This factor could have affected the results of previous experiments in which a single cell density was used, and in which no difference was found in MCMV growth between MEF from susceptible and resistant mouse strains [Nedrud et aI., 1979; Grundy (Chalmer) et al., 1981] . In one of these reports [Grundy (Chalmer) et al., 1981 ] the c.p.e, score was read at 3 weeks post-inoculation, whereas we scored c.p.e, only at 5 days because preliminary experiments indicated that differences in c.p.e, score between strains decreased with longer incubation times. In contrast to our observations with MCMV, the growth of HSV-1 in MEF G.B. HARNETT AND G. R. SHELLAM was not influenced by cell density but was significantly reduced in C57BL-MEF compared with Balb/c-MEF and CBA-MEF, thus correlating with in vivo resistance (Lopez, 1975) . These different growth patterns of MCMV and HSV-I observed in duplicate cultures suggest that host cell control is specific for a given virus in MEF. The source of virus used was also found to influence the results. Since in vitro passage rapidly attenuates MCMV (Osborn & Walker, 1970) , virulent salivary gland-produced virus was usually used. However, MCMV passaged once in C3H-MEF gave similar results to the salivary gland stock. Despite the fact that MEF from Balb/c mice were always more susceptible to MCMV regardless of whether Balb/c-, C3H-or CBA-produced virus was used, larger differences were recorded between pairs of MEF strains when the challenge virus was prepared in either of the two strains concerned, compared with an unrelated strain. This trend was statistically significant and seemed to be due to relatively low c.p.e, scores in MEF exposed to virus produced in homologous MEF. The reason for this phenomenon is not apparent.
The growth of MCMV in TOC in which the virus replicates in respiratory epithelial cells (M~intyj~irvi et al., 1977) was also reduced in TOC from CBA and C3H mice compared with those from Balb/c or C57BL mice, in confirmation of a previous report (Nedrud et al., 1979) . Thus, virus growth in both MEF and TOC reflects the resistance status of the host to MCMV. In contrast, following infection in vitro with tissue culture-passaged virus, thioglycoUate-stimulated peritoneal macrophages from C3H, Balb/c and C57BL/6 mice produced similar titres of MCMV (Brautigam et al., 1979) , suggesting that genetic control of MCMV replication may not occur in all target cells. A study simultaneously comparing the growth of MCMV in a variety of cell types including relevant in vivo target cells is required to resolve this question.
Other examples of genetic control of virus replication in cultured cells have been reported. WNV grows less well in cells from resistant mice (Vainio, 1963; Darnell & Koprowski, 1974) . Resistance to influenza A virus, which is controlled by the Mx gene, is observed in macrophage (Lindenmann et al., 1978) and hepatocyte cultures (Arnheiter et aL, 1980) from resistant mice, and cultures of human diploid fibroblasts from different individuals vary in their susceptibility to particular viruses (Brown & Tyrrell, 1964; Dausset et al., 1972) although little is known about the correlation of this variation with human susceptibility to virus infection. Our data do not permit conclusions to be drawn about the mechanism for resistance to MCMV at the cellular level, although preliminary evidence suggests that Balb/c-MEF and CBA-MEF do not differ in their expression of receptors for MCMV (G. R. Shellam & G. B. Harnett, unpublished results) . Other mechanisms which may contribute to resistance are the selective production of interfering particles in cells from resistant mice, which has been reported for WNV (Darnell & Koprowski, 1974) , and the genetic control of the utilization of interferon which is responsible for resistance to influenza virus in mice (Hailer et al., 1981) .
In vivo resistance to lethal infection with MCMV is controlled by both H-2 and non-H-2-associated genes [Chalmer et al., 1977; Grundy (Cfialmer) et al., 1981] . Further genetic analyses of the control of virus replication in vitro need to be undertaken to help establish the importance of this mechanism to resistance in vivo.
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